The aim of this study was to determine in a model experiment the potential residues of bromadiolone and brodifacoum in the wheat grown on soil treated with these rodenticides and to compare them with the respective acceptable daily intake (ADI) in order to obtain information lacking in the scientific literature. The study focused on the level of residues of chronic rodenticides Broder G, with the active ingredient brodifacoum, and DERATION G, with the active ingredient bromadiolone, in wheat (Triticum spp.). The preparations were used in the form of granular bait. In the wheat grown on the soil treated with 100 g.m -2 of the preparation BRODER G, the brodifacoum residues ranged from 0.012 to 0.0218 mg.kg -1 , while the treatment of soil with 500 g.m -2 resulted in residues ranging between 0.0344 and 0.0436 mg.kg -1 . When using the preparation DE-RATION G, bromadiolone residues ranged between 0. 012 and 0.018 mg.kg -1 after the treatment of soil with   100 g.m -2 and between 0.030 and 0.0428 mg.kg -1 after the treatment with 500 g.m -2 . We observed that the accept-able daily intake was exceeded significantly in all of the cases and the residual levels depended on the rodenticide dose. In the case of brodifacoum, the ADI was exceeded more than 700-fold at a dose of 100 g.m -2 and more than 1400-fold at a dose of 500 g.m -2 of soil. With bromadiolone, the ADI was exceeded 150-fold at a dose of 100 g.m -2 and more than 350-fold at a dose of 500 g.m -2 . This indicates the risk to consumers from such crops.
INTRODUCTION
Targeted, unauthorised or unintentional application of chemicals and their spreading and persistence in the environment presents risks to humans and other animals, and has negative effects on biodiversity in general.
Managing populations of commensal rodents is essential. By sharing our environment, they can transmit to humans, directly or indirectly, more than 40 zoonotic patho-the GGC-dependent carboxylation of these proteins, including osteocalcin, a hormone involved in energy metabolism, fertility, brain development, and bone remodeling [27] and the matrix Gla protein, important for vascular decalcification [34] . In addition to their roles in clotting, vitamin K-dependent proteins are vital to several other processes, including ones that help maintain the normal brain function and homeostasis [20] . Thus, unlike warfarin overdose for which 1-2 days of treatment with vitamin K is effective, treatment of superwarfarin poisoning with vitamin K is limited by its extremely high cost and can require daily treatment for a year or longer.
Due to their increased tissue persistency and bioaccumulation in the environment, non-target poisoning by second generation ARs is commonly described in wildlife. Different species are affected by this exposure, such as red foxes, European minks, bobcats and various raptors such as red kite, buzzards, kestrels, peregrine falcons, and eagle owls [26, 30] . Besides potential adverse sublethal effects on wildlife, there is also a concern for human exposure through consumption of meat from wild game animals that carry brodifacoum residues [4] . [14, 15] . This opinion was based on the conclusion that currently no significant and effective alternative to anticoagulant rodenticides is readily available. Non-chemical controls or prevention methods for rodent control, such as mechanical, electrical or glue traps, may not be sufficiently efficient and may raise further questions as to whether they are humane or whether they cause unnecessary suffering to rodents. Alternative active substances approved for use as rodenticides may not be suitable for all user categories or efficient for all rodent species. Rodent control currently relies largely on the use of anticoagulant rodenticides, the non-approval of which could lead to insufficient rodent control. This may not only cause significant negative impacts on human or animal health or the environment, but also affect the public's perception of its safety with regard to exposure to rodents or the security of a number of economic activities that could be vulnerable to rodents, resulting in economic and social consequences. On the other hand, the risks to human health, animal health or the environment arising from the use of products containing brodifacoum and bromadiolone can be mitigated if they are used according to certain specifications and conditions. Specific conditions for the use of rodenticide preparations based on brodifacoum and bromadiolone were set by the Commission Implementing Regulations (EU) 2017/1380 and 2017/1381 [7, 8] .
Other rodenticides that currently are registered to control rodents are bromethalin, cholecalciferol and zinc phosphide. These compounds are not anticoagulants. Each is toxic in other ways [17] .
Brodifacoum is a bromylate derivative of hydroxycoumarin that was used for the first time in 1975 to control rodents resistant to coumarin [25] . The solubility of brodifacoum in water is 0.004 mg.l -1 [23] . Brodifacoum has been supported and evaluated as a rodenticide in the following whereas under acidic conditions (low pH), brodifacoum is likely to be adsorbed onto soils or sewage sludge as the molecule is in its neutral or non-ionised form [11] .
Bromadiolone was used for the first time in 1976 also to control rodents resistant to warfarin. It is more effective and at the same time less toxic than other chronic anticoagulant rodenticides of the 1st and 2nd generation [28] . Bromadiolone has been evaluated as a rodenticide against rats and mice for the following use patterns: in and in small quantities, are not likely to move through the soil profile and are unlikely to reach groundwater in significant quantities [12] .
Commission Directives 2009/92/EC and 2010/10/EU [5, 6] dealt with the relevant issues by drawing attention to high persistence, bioaccumulation and toxicity of ARs. The estimated daily exposure that will not cause harmful effects throughout the human life is referred to as Acceptable Daily Intake (ADI) in mg.kg -1 body weight. ADI for brodifacoum has been estimated as 0.0000005 mg.kg -1 .day -1 which corresponds to NOEL (No Observable Effect Level) equal to 0.001 mg.kg -1 .day -1 . ADI for bromadiolone has been estimated to 0.000002 mg.kg -1 .day -1 , which corresponds to NOEL for bromadiolone equal to 0.004 mg.kg -1 .day -1 [35] .
EFSA [16] has reviewed the maximum residue levels Thus grain crops, for example wheat, which are used directly for human consumption (breadstuffs), or as feed for farm animals (concentrate), may be exposed to ARs. For the 2019 crops, FAO's forecast for world wheat production is 757 million tonnes, which would place this year's output 4 percent above the 2018 level [18] .
The aim of our study was to investigate the potential risk to humans related to the consumption of wheat grown on soil treated with second generation ARs (brodifacoum, bromadiolone). Two open boxes were used for each of two AR doses and additional two were used as a control. The boxes were placed outside and were exposed to precipitations. The statistical evaluation was carried out using Graph-Pad Prism Anova. The P threshold value for statistical significance was set at P < 0.05.
MATERIALS AND METHODS

RESULTS
Residues of brodifacoum and bromadiolone determined
between 2013 and 2017 are presented in Table 1 . The treatment of soil with 100 g.m -2 dose of preparation BRODER G resulted in wheat residual levels ranging between 0.012 and 0.0218 mg.kg -1 while the dose of 500 g.m -2 produced residues ranging between 0.0344 and 0.0436 mg.kg -1 . Treatment of soil with 100 g.m -2 of DERATION G resulted in residues in wheat between 0.012 and 0.018 mg.kg -1 while the dose of 500 g.m -2 produced residual levels between 0.030 and 0.0428 mg.kg -1 .
A comparison with ADI for brodifacoum in humans (0.0000005 mg.kg -1 .day) for a 60 kg individual (0.00003 mg.kg -1 .day) showed that the rodenticide dose of 700 g.m -2 soil caused a significant increase in brodifacoum in wheat that exceeded the respective ADI 400-fold in 2014 and more than 700-fold in 2015 (Table 1) .
A dose of 500 g.m -2 soil of BRODER G resulted in more than 1100-fold higher level in 2014 and more than 1400fold higher level in 2015 and 2017 in comparison with ADI for a 60 kg man.
The precipitations in the area of the study varied considerably between individual years and months. In the years 2014, 2015 and 2017, they were distributed relatively evenly, in 2013 they were more intensive in the second half of the study period and in 2016 most of them occurred in April and May. No correlation was found between the residues in wheat and the mean monthly precipitations during the growing season (April-August).
A comparison with bromadiolone ADI for humans (0.000002 mg.kg -1 .day -1 ) considering a 60 kg individual (0.00012 mg.kg -1 .day -1 ) showed that the rodenticide dose of 100 g.m -2 soil resulted in 100-fold higher level in 2015 and 150-fold higher level in 2016 than the level acceptable for 60 kg individual (Table 1) . The dose of 500 g.m -2 soil of DERATION G resulted in 250-fold higher level in 2014 and more than 350-fold higher level in 2016 in comparison with the ADI for 60 kg man. later. While the levels in water and sediment declined to below detectable limits, within 9 days brodifacoum was detectable in the shellfish for up to 21 months after the spill and calculated to require up to 31 months before the levels were acceptable for human consumption. In 2010, 700 kg of similar bait was accidentally dropped into Lake Kirirua in New Zealand [21] . It was estimated that 10 bags sank intact, and water and sediment measurements did not detect A study was carried out with 14 They are released to sewage waters and reach wastewater treatment plants (WWTPs) through solubilisation of AR baits when applied to eliminate or control rodents in sewage systems, water channels, or due to agricultural runoff [23] . G ó m e z -C a n e l a et al. [22] tested the hypothesis that WWTP effluents can be a source of anticoagulants to receiving waters and that these can affect aquatic organisms and other non-target species. In their study, they de- [23] . G ó m e z -C a n e l a and 
DISCUSSION
CONCLUSIONS
The results obtained in our study, investigating wheat grown on bait-contaminated soil, proved the presence of residues of both rodenticides, brodifacoum and bromadiolone in wheat exceeding considerably the ADI for these ARs. This indicates that despite the low solubility of both tested anticoagulant rodenticides, the field crops grown on soil exposed to the relevant baits may present considerable loads on the food chain. The acceptable daily intake was significantly exceeded in all the cases in dependence on the soil-incorporated bait dose. With brodifacoum and the 100 g.m -2 dose, the ADI was exceeded more than 700fold and with the 500 g.m -2 dose even more than 1400-fold.
With bromadiolone and the 100 g.m -2 dose the ADI was exceeded 150-fold and after incorporation of 500 g.m -2 of the soil, the ADI in wheat was exceeded more than 350fold. With regard to the recent studies that found the presence of rodenticide residues in water treated by WWTP and in sewage sludge that may be used in agriculture for irrigation or manuring, our results indicate the need for additional investigation of potential translocation of anticoagulant rodenticides to crops and the risks to their consumers.
